The room-temperature ferromagnetism of reduced anatase ͑TiO 2−␦ ͒ is studied using density functional calculation. Two kinds of point defects, titanium interstitial and oxygen vacancy ͑O v ͒, have been studied. The calculated magnetization shows that O v is the point defect substantially related to the observed ferromagnetism. A model of the ferromagnetism is given based on the spin-polarized Ti 3 F + cluster and the double exchange between the clusters. The calculated density of states supports the model and is in agreement with the donor impurity band exchange model.
ducted on magnetically doped titanium dioxide. Recently, it was discovered that reduced anatase ͑TiO 2−␦ ͒ without any magnetic dopant can be ferromagnetic. 2, 3 The zerotemperature magnetization ͑M s 0 ͒ is 47.7 G and the Curie temperature ͑T C ͒ is 880 K. The room-temperature carrier is n type and its density ͑ c ϳ 3 ϫ 10 17 cm −3 ͒ is much lower than the spin density ͑ s ϳ 4 ϫ 10 21 cm −3 ͒. In addition, the high magnetization is coincident with the high conductivity in the thin films deposited with the low oxygen pressure. The measurements and observations suggest that the donor defects, induced by the film-substrate lattice mismatch and the oxygen-deficient environment, may cause double exchange. 2 Previous ab initio calculation 4 have shown that oxygen vacancy ͑O v ͒ and titanium interstitial ͑Ti i ͒ are the two most stable native point defects in oxygen-deficient anatase. However, it is still unknown which kind of defect is substantially related to the observed ferromagnetism. Also, it is still unknown how this kind of defect causes the double exchange. In this paper, we perform ab initio calculations on reduced anatase to answer the above two questions. Anatase is a tetragonal phase of TiO 2 ͑a = 3.78 Å, c = 9.51 Å, space group: I4 1 / amd͒. The unit cell with the O v ͑or Ti i ͒ concentration of 1 / 16 is constructed by removing one O atom from ͑or inserting one Ti atom into͒ the 2 ϫ 1 ϫ 1 supercell ͑Ti 8 O 16 ͒. The unit cell with the O v concentration of 1 / 32 is constructed by removing one O atom from the 2 ϫ 2 ϫ 1 supercell ͑Ti 16 O 32 ͒. Both atomic positions and lattice constants of the unit cells are relaxed using the VASP code with the ultrasoft pseudopotentials and generalized gradient approximation ͑GGA͒ exchange correlation. The energy convergence limit is 10 −4 eV for the electronic loops and 10 −3 eV for the ionic loops. The net spin-density map is also given by the VASP. The magnetization and density of states ͑DOS͒ are calculated using the WIEN2K code with the full-potential linear augmented plane wave method and GGA exchange correlation. The energy convergence limit is 10 −6 Ry. The error of magnetic moment is estimated using the standard deviation of the last ten steps. 8 For the spin up, coupling is between the low-lying excited states, and the conduction electrons are ferromagnetically coupled to the localized spins. In ferromagnetic manganite, the ferromagnetically coupled itinerant electrons cause the ferromagnetism. 9 In the calculated systems ͑Ti 8 In Fig. 4 , the F + band corresponds to the ground state of the F + center, the 3d band corresponds to the 3d orbitals of the adjacent Ti ions, and the F + * band corresponds to the low-lying excited state of the Ti 3 F + cluster. The spin-up F + and 3d bands are merged together, which is caused by the covalent bonding between the F + center and the adjacent Ti ions. The area of the merged band is ϳ1 eV, which confirms that the ground state of the Ti 3 F + cluster is occupied by one electron. The spin-up F + * band is partially filled, which is caused by the ferromagnetically coupled itineration between the low-lying excited states of the Ti 3 F + clusters ͓Fig. 3͑b͔͒. The spin-down F + band is partially filled, which is caused by the antiferromagnetically coupled itineration ͓Fig. 3͑a͔͒. The spin-down 3d band is almost empty. In Fig. 4 , there is an obvious spin split due to The energy gap between the ferromagnetic and nonmagnetic states, the total magnetic moment, and the error of magnetic moment. the double exchange. The spin split of the F + and 3d bands is ϳ0.3 and ϳ0.4 eV, respectively. The larger spin split of the 3d band is caused by the strong double exchange between two adjacent Ti 3 F + clusters in a chain connected by the inplane Ti-O-Ti bridge ͑dpd-bond͒.
The calculated DOS of Ti 8 O 15 ͑Fig. 4͒ is in agreement with the donor impurity band exchange ͑DIBE͒ model. 10 The F + and 3d bands in Fig. 4 correspond to the impurity and d bands in Fig. 4͑c͒ of Ref. 10 , respectively. The DIBE model predicts that the large spin split of the impurity band leads to high T C . In Fig. 4 , the spin splitting of the F + band is approximately equal to its own bandwidth. In this sense, the spin splitting of the impurity band is large and may lead to high T C . In fact, we may estimate T C using 11
where U PM ͑T C ͒ is the total energy of the paramagnetic phase at T C , and U FM ͑0͒ is the total energy of the ferromagnetic phase at 0 K. We may use the total energy of the nonmagnetic phase as an approximation of U PM ͑T C ͒. Therefore, we may estimate T C from the energy gap between the ferromagnetic and nonmagnetic states ͑Table II͒. We calculate that T C ϳ 700 K for Ti 15 O 31 , which is close to the experimental value.
In conclusion, we have studied the ferromagnetism of reduced anatase using ab initio calculation. The calculations have answered the two questions stated at the beginning. First, the O v is the point defect substantially related to the observed ferromagnetism. Second, the formation of F + centers at the O v results in the spin-polarized Ti 3 F + clusters and the conduction electrons. The itineration of the conduction electrons between the clusters causes the ferromagnetic double exchange between the clusters. Both calculated net spin-density map and density of states support our model of the ferromagnetism. The calculated density of states is in agreement with the donor impurity band exchange model.
